When electrons traverse a molecule, their flow can be affected by interactions with other degrees of freedom in the molecule [1] [2] [3] [4] . Previous studies have shown that transport spectroscopy of these structures can provide information on discrete energy excitations associated with electronic [2] [3] [4] and vibrational 1, 3, 4 degrees of freedom. Here we report an extension of such measurements to a prototypical single-molecule magnet Mn 12 O 12 (O 2 C-R) 16 (H 2 O) 4 depicted in Fig. 1 (a) (henceforth "Mn 12 "; here R represents a generic chemical functional group) 5 . We examine the manner in which collective spin states of the molecule couple to electron transport, and in particular how this affects the magneticfield (B) dependence of the measured level spectra. We find that low-temperature It should be noted that our measurements do not provide a means to verify that the In total, we have observed a zero-field splitting which then increases as a function of B in four different devices. The magnitude of the zero-field splitting ranged from 0.25 meV to 1.34 meV (both extremes are represented in Fig. 2 ). The other twelve devices that we studied in detail also exhibited Zeeman splitting, but with apparent degeneracy at B = 0 T. 5 The presence of zero-field splitting is a signature of magnetism in a quantum system.
In non-magnetic quantum-dot systems, the absence of any zero-field splitting for
Zeeman-split levels is observed universally (as required by Kramers' Theorem) for tunneling transitions from even (S = 0) to odd (S = 1/2) numbers of electrons. For odd-toeven transitions, only one spin transition is allowed for the lowest-energy tunneling transition because of Pauli blocking, but degeneracies at B = 0 are still generally observed for excited states 15 . In quantum dots made from ferromagnetic nanoparticles, the presence of zero-field splitting has been observed previously 16, 17 due to magnetic anisotropy that affects tunneling transitions between states with S ≥ 1/2 16, 18, 19 . The presence of zero-fieldsplit energy levels in four of our devices therefore demonstrates that tunneling in these devices is occurring via magnetic states with non-zero magnetic anisotropy.
In Mn 12 , the magnetic anisotropy is associated with Jahn-Teller distortions in the octahedral coordination spheres of the eight Mn 3+ ions, and thus it is sensitive to changes in the charge state 20 and environment of the molecule [20] [21] [22] [23] [24] . For example, the molecule To analyze these observations, we consider a simple model for electron tunneling via an individual magnetic molecule. We start with a Hamiltonian that includes the lowestorder uniaxial magnetic anisotropy along the z-axis and the Zeeman energy corresponding to a magnetic field applied in an arbitrary direction:
Here, D N is the anisotropy constant for the multiplet with N electrons, S Z is the zcomponent of S, g is the electronic g-factor and µ B is the Bohr magneton. 24 . We assume that the tunneling energies we measure in Fig processes. In our main simulation, we did not simply assume steady-state occupation probabilities (this assumption will necessarily eliminate hysteresis) because transitions out of metastable magnetic states may require times scales much longer than our experiment so that a true steady-state probability distribution may not be relevant experimentally. We instead integrated the master equation with respect to time at each incremented value of V and/or B, calculated the distribution of occupation probabilities corresponding to the experimental time scale, and then obtained I based on this distribution. We allowed occupation of states corresponding to a reversed magnetic moment only if the transition rate to these states is relevant experimentally. When questions of hysteresis were not at issue, we also performed the simpler alternative calculation that assumes steady-state occupation probabilities.
The results of our simulations, for parameter values chosen to mimic Fig. 3(a) (there are too many free parameters to claim quantitative fits), are shown in Fig. 4(a-c) . The nonlinear variation of the energy levels vs. B shown in Fig. 3(a) can be explained as a consequence of anisotropy in a magnetic molecule 16, 17 . When D N = D N −1 ( Fig.   4(a,b) ) we find no deviation from linearity, but the sign of the curvature that is observed in Fig. 3(a) emerges naturally if the magnetic anisotropy parameter D N is larger for the higher-spin charge state than the smaller-spin state (Fig. 4(c) ). A quantitative determination of D N for the smaller-spin charge state is difficult because the angle between B and the anisotropy axis is not known.
The simulation (Fig. 4(a,b) ) also reproduces naturally the number of energy levels measured in the experiment: just two at positive V and one at negative V, even though we assume spins of S = 10 and 19/2. The reason is that just two levels are observed at positive V is that a voltage high enough to cause tunneling to the first excited state also permits tunneling transitions higher up the ladder of spin states because transitions to higher spin states all require progressively less energy. This is consistent with our observation of only one magnetic excited state in all four devices in which we found 9 zero-field splittings. The observation of only ground state tunneling at negative V can be explained as a consequence of an asymmetry in the coupling of the molecule to the two electrodes, which can cause excited states to contribute negligibly to the total current for one bias direction 27 . The excited magnetic level must be associated with the higher-spin charge state; this implies that the higher-spin state is associated with the more-positive-V g charge state in Fig. 2(a,b) , but the more-negative-V g charge state in Fig. 2(c,d) .
Finally, we comment on the absence of hysteresis in the electron-tunneling spectrum measured as a function of magnetic field. Magnetic measurements of macroscopic Mn 12 crystals find low-temperature hysteresis for all field directions except those within a few degrees of the hard magnetic axis 8, 9 . As illustrated in Fig. 3(a) , however, we do not observe hysteresis in any of our Mn 12 transistors within a magnetic field sweep range of ±8 T, at T ≤ 300 mK. This lack of hysteresis is also in contrast to related measurements of energy-level spectra for magnetic Co nanoparticles, with higher spin S 1000 ≈ . We find that if, during the 10 magnetic-field sweeps, the voltage is scanned to values sufficiently high to measure the first excited state of the higher-spin state, then there is no hysteresis (Fig. 4(a) ), in agreement with experiment. This voltage is sufficiently high to enable tunneling for all allowed tunneling transitions with ∆S = ±1/2, so that all states in the spin multiplets are accessible despite the magnetic anisotropy. Within the approximation that only lowestorder sequential tunneling processes are taken into account, the model predicts that hysteretic switching might be observed if V is kept sufficiently low that excited spin states are never populated (Fig. 4(b) ). We investigated this experimentally at selected values of V g by applying a small constant bias V and measuring the tunneling conductance while sweeping B, but still we observed no hysteresis. Possibly this difference is due to spin excitations from second-and higher-order cotunneling processes 14 that are neglected in the simulation.
In conclusion, we have measured electron tunneling in devices formed by inserting Mn 12 molecules into transistor structures. We find significant variations between devices, indicating that the sample fabrication process and the device environment may exert strong perturbations on the molecules. Nevertheless, the devices exhibit clear signatures of molecular magnetism in the tunneling spectra: zero-field splittings of energy levels and nonlinear variations of energies with magnetic field. We find that at most one excited magnetic level above the ground state is observed in the tunneling spectra. We do not observe magnetic hysteresis. All of these observations are in accord with a simple model of electron tunneling via a magnetic quantum system. 
